Hypocholesterolemic activity of dietary polyunsaturated fatty acids is observed after relatively short-term but not long-term feedings, and their long-term feedings are suspected to accelerate aging through tissue accumulation of lipid peroxides and age pigments (lipofuscin). To define the long-term effects of fats and oils in more detail, female mice were fed a conventional basal diet supplemented with lard (Lar), high-linoleic (n-6) safflower oil (Saf ), rapeseed oil (Rap), high-a a-linolenic (n-3) perilla oil (Per), or a mixture of ethyl docosahexaenoate and soybean oil (DHA/Soy) from 17 weeks to 71 weeks of age. The DHA/Soy and Per groups had decreased serum cholesterol levels compared with the Lar and Saf groups, but the difference between the Lar and Saf groups was not significant. The 3-hydroxy-3-methyglutary-CoA (HMG-CoA) reductase activity in the liver was also significantly lower in the Per and DHA/Soy groups. However, no significant difference in lipofuscin contents in the brain and liver was observed among the 5 dietary groups, despite significant differences in peroxidizability indices of the dietary and/or tissue lipids. These results indicate that n-3 fatty acid-rich oils are hypocholesterolemic by suppressing hepatic HMG-CoA reductase activity compared with animal fats and high-linoleic (n-6) oil, but tissue lipofuscin contents are not affected by a long-term feeding of fats and oils with different degree of unsaturation in mice.
Hypercholesterolemia was assumed to be a major risk factor for atherosclerosis and related diseases, and raising the polyunsaturated to saturated (P/S) ratio of dietary fatty acids as well as reducing the intake of cholesterol had long been recommended for the prevention of atherosclerosis. However, we observed no significant decrease in serum cholesterol levels in mice after 17 weeks feeding of safflower oil as compared with lard. 1) Moreover, raising the P/S ratio of dietary fatty acids has been proven in long-term clinical studies (7-10 years) to be ineffective in lowering serum cholesterol and even to be risky for the prevention of coronary heart disease. [2] [3] [4] Instead, a nutritional intervention to decrease the intake of linoleic acid (n-6) and increase that of a-linolenic acid (n-3) and oleic acid was found to be highly effective for the secondary prevention of coronary heart disease 3) as reviewed elsewhere. 5, 6) Many lines of evidence also support the proposal that n-3 fatty acids in fish oil, EPA and docosahexaenoic acid (DHA), are effective for the prevention of coronary heart disease as summarized by Lands. 7) On the other hand, the uptake of oxidized low density lipoprotein (LDL) by macrophages is considered an early event in the progress of atherosclerosis, 8) and long-term feedings of n-3 fatty acids, particularly DHA with six double bonds, are suspected to enhance lipid peroxide accumulation in tissues and oxidized-LDL formation. This latter interpretation is apparently inconsistent with the observed beneficial effects of fish oils for the prevention of coronary heart disease. Although the regulatory mechanism of cholesterol synthesis has been revealed at the levels of gene expression, especially in the vitro system, the available data are not enough to predict tissue cholesterol levels under different dietary conditions. One purpose of the present experiments was to define the long-term feeding effects of different types of fats and oils on serum and hepatic cholesterol levels under the same dietary conditions.
Lipofuscin is an auto-fluorescent yellow pigment that accumulates within cytoplasmic granules of post-mitotic tissues during aging. The lipofuscin is, therefore, generally called an "age pigment". [9] [10] [11] It also accumulates in the central nervous system with pathological processes such as Alzheimer's disease.
12) The age pigment has been supposed to be cellular debris derived from lipid peroxides by free radical-induced oxidative stress, and thus regarded as one of the indices of lipid peroxidation in tissues. 13) However, the accumulation of age pigment in tissues of animals under different dietary fatty acids has rarely been determined. The second purpose of this study was to define the effect of long-term feeding of fats and oils on age pigment contents in mice.
MATERIALS AND METHODS

Animals and Diets
Specific pathogen-free, female C57BL/6 mice at 5 weeks of age were purchased from SLC Japan, Inc., Tokyo. The mice were initially fed for up to 17 weeks of age with a conventional diet (CE2; Central Laboratory for Experimental Animals (Clea) Japan, Inc., Tokyo) containing 4.4% (w/w) lipids (lipids contained in the materials and supplemented soybean oil) and defined amounts of nutrients. Then, mice were divided randomly into five groups of 12 animals each. Average body weight of the 5 dietary groups was 24.6Ϯ0.2 g and the maximum deviation from the mean was 1.3%. They were housed in a room specified for 14)
The basal diet (CE2) and experimental fat or oil was mixed at a weight ratio of 9 to 1. The final lipid content was calculated to be 14.0 wt% (31.4% energy), a level higher than that of the average Japanese (26% energy) but lower than the average American (ca. 37% energy). The fatty acid composition of the experimental diet is shown in Table 1 . Peroxidizability index (PI) 15) was determined as follows; PIϭ(% monoenoateϫ0.025)ϩ(% dienoateϫ1)ϩ(trienoateϫ2)ϩ(% tetraenoateϫ4)ϩ(% pentaenoateϫ6)ϩ(% hexaenoateϫ8). The experimental diets were purchased as pellets from Clea Japan Co., Ltd., and kept at 4°C for less than 1 month, except for the DHA/Soy diet which was prepared in our laboratory and kept frozen at Ϫ20°C for less than 1.5 weeks before serving. The diets were replaced every day in the case of the DHA/Soy diet, and every two days in other diets, conditions that were determined by preliminary experiments to keep the peroxide values of the served diets below 10 meq/kg.
Determination of Cholesterol Mice were sacrificed at 71 weeks of age after feeding of the test diets for 54 weeks, and tissue samples were stored at Ϫ80°C until analysis. Total cholesterol was separated by silica gel thin-layer chromatography, the ester form was hydrolyzed with sodium methoxide, and free cholesterol plus an internal standard, bsitosterol, were analyzed as dinitrobenzoyl derivatives by reversed-phase HPLC on a Wakosil ODS column as described by Kasama et al. 16) and Newkirk and Sheppard.
17)
Determination of Fatty Acid Composition in Dietary and Tissue Lipids Lipids were extracted from diets and tissue samples with chloroform/methanol according to Bligh and Dyer's method, 18) fatty acids were converted to methylesters, and analyzed by gas-liquid chromatography as described previously. 19) Determination of Hepatic HMG-CoA Reductase Activity A 10% (w/v) homogenate of mouse liver was prepared in 0.9% NaCl. The homogenates were centrifuged at 700ϫg for 5 min and then the supernatants were centrifuged at 12000ϫg for 30 min. Microsomal fractions were obtained by centrifugation of the supernatants at 105000ϫg for 60 min at 4°C. These fractions were resuspended in 0.1 M sucrose/50 mM KCI/40 mM potassium-phosphate buffer (pH 7.4) containing 10 mM DTT, and the suspensions were used for assay of 3-hydroxy-3-methylglutary-CoA (HMG-CoA) reductase activity. HMG-CoA reductase activity was measured essentially as described by Kuroda and Endo. 20) Briefly, 20-100 mg of the microsomal protein was incubated with 2.55 mM DL- [3- 14 C] HMG-CoA 144 MBq/mmol (Dupont, NEN) in 0.5 M potassium-phosphate buffer containing 10 mM NADPH, 100 mM DTT and 100 mM EDTA for 15 min at 37°C. Hydrochloric acid (2 N) was added to stop the reaction, and samples were further incubated for 15 min at 37°C. The incubated mixture was applied to silica gel 6G TLC plates (Merck). Plates were developed in acetone-benzene (1 : 1), and the area corresponding to mevalonate (Rf 0.2-0.6) was scraped off and mixed with 20 ml of Clearsol P (Nacalai Tesque). Radioactivity was measured using a scintillation counter LSC-5100 (Aloka, Tokyo). HMG-CoA reductase activity was expressed as nanomol of [
14 C]-mevalonate produced per min per mg of microsomal protein.
Determination of Yellow Fluorescent Lipofuscin in Tissues Yellow fluorescent lipofuscin in tissues was determined as described elsewhere. 21, 22) Briefly, 50 mg of the lyophilized tissues was homogenized in 9.0 ml of PBS containing 0.1% SDS. The homogenate was centrifuged at 105000ϫg for 60 min at 25°C. The supernatant was condensed to 1/10 volume by ultrafiltration through a Diaflo R ultrafiltration membrane (PM-10 Amicon Corporation, Ireland) in order to remove low molecular weight materials (below 10 kDa). The condensed solution was made up to 9.0 ml with the same bufferized solution. Fluorescence spectra and intensities of the solution were recorded with a Hitachi 650-60 fluorescence spectrophotometer (Hitachi Co., Ltd. Tokyo) equipped with a xenon-lamp. The instrument was standardized with a solution of 0.1 mM quinine sulfate in 0.1 N sulfuric acid to give a fluorescence intensity of 1.00 at 450 nm when excited at 350 nm. The relative fluorescence intensity (Rfi) of the extract against that of quinine sulfate was obtained, and an Rfi unit was calculated by multiplying Rfi by volume (ml) of the solution.
Statistical Analysis Data were represented as meansϮ S.D. Statistical analysis of data was performed using Bonferroni's multiple comparison (Stat View J-4.11; Abacus Concepts, Inc., Berkeley, CA, U.S.A.).
RESULTS
Serum and Hepatic Cholesterol
Total serum cholesterol in the DHA/Soy, Per, Rap, Saf and Lar groups were 84.6, 85.3, 97.2, 110.8 and 114.7 mg/dl, respectively (Fig. 1) . The levels of DHA/Soy and Per groups were significantly a) The fatty acid composition of the diet (% of total fatty acids) was analyzed by gas-liquid chromatography. b) The position of the double bond number numbered from the methyl terminus is designated as n-9, n-6 or n-3. c) Peroxidizability Index.
lower than those of the Saf and Lar groups, but there were no significant differences among the Per, DHA/Soy and Rap groups. It is emphasized that a long-term feeding of animal fat (Lar) and high-linoleic acid vegetable oil (Saf) brings about no significant difference in serum cholesterol levels in mice or in rats. Hepatic cholesterol levels roughly paralleled the serum cholesterol levels.
Hepatic HMG-CoA Reductase Activity The hepatic HMG-CoA reductase activities in the Lar, Saf, Rap and Per groups were higher by 144.0%, 87.9%, 47.3% and 41.8%, respectively, compared with that of the DHA/Soy group (Fig.  2) . Although the serum and hepatic cholesterol levels were not significantly different between the Lar and Saf groups, the difference in the HMG-CoA reductase activities of the two groups was significant. The hepatic HMG-CoA reductase activities, however, roughly paralleled the serum and hepatic cholesterol levels (in the serum, rϭ0.77, pϽ0.0001; in the liver, rϭ0.56, pϭ0.0014).
Hepatic and Brain Lipofuscin Contents The lipofuscin contents in the brain were not affected by the diets (Fig. 3) . In the liver, lipofuscin was not detectable in any of the dietary groups. In the brain, the lipofuscin contents were not correlated with PI values of the dietary lipids (rϭ0.49, pϭ0.18) nor with those of tissue lipids (rϭ0. 69, pϭ0.20) .
Fatty Acid Composition of Brain and Liver Fatty acid composition of brain phospholipid is kept relatively constant under the dietary conditions. The arachidonate (20:4n-6) levels in the Per and DHA/Soy group were slightly but statistically significantly lower than in the other dietary groups. No significant difference was observed in the DHA contents or PI values of the 5 dietary groups, despite a great difference in these parameters in the diets (Table 2) . 
Fig. 3. Lipofuscin Content and Peroxidizability Index
Brain (A) and liver (B) from mice fed a test diet for 51 weeks were analyzed (nϭ6). Statistical analyses were performed using one-way AVONA. Relative fluorescein intensity (Rfi) was taken as lipofuscin content, and is expressed by open columns. Peroxidizability index of tissue fatty acids is expressed by oblique columns. Fatty acid composition of hepatic lipids roughly reflected that of the experimental diets when total n-6 and n-3 fatty acids were summed up ( Table 3 ). The proportions of total saturated fatty acids in the Lar group, total monounsaturated acids in both the Rap and Lar groups, total n-6 polyunsaturated acids in the Saf group and total n-3 polyunsaturated acids in the Per group were significantly higher than those of other groups. The proportion of DHA in the DHA/Soy group was greater than in the other dietary groups, and the n-6/n-3 ratio of the Saf group was much higher while that of the Per group was lower than in the other groups. The PI values in the Per and the DHA/Soy groups were greater than in the other dietary groups, and total fatty acids in the Rap group were significantly higher than in the other groups except for the Lar group.
DISCUSSION
The regulatory mechanisms of cholesterol biosynthesis have been revealed at the levels of gene expression. [23] [24] [25] In cultured cells, transcription factors (sterol responsive element binding proteins, SREBP 2 and SREBP 1c) are up-regulated by saturated fatty acid (S) and monounsaturated fatty acid (M) but are down-regulated by polyunsaturated fatty acids. 26, 27) Highly unsaturated fatty acids such as EPA (20:5n-3), DHA (22:6n-3) and arachidonic acid (20:4n-6) are more effective than linoleic acid (18:2n-6) in regulating the gene expression. Thus, the cholesterol synthesis appears to be regulated by the degree of unsaturation and chain length in vitro. On the other hand, cholesterol is known to suppress cholesterol synthesis partly by suppressing the maturation of SREBP. 28) These mechanisms are expected to work in vivo to maintain tissue cholesterol levels. However, tissue cholesterol is known to vary depending on such factors as the amounts and the type of dietary fatty acids as well as the period of dietary manipulation. [29] [30] [31] So far, available data have not been sufficient to describe long-term effects of dietary fats and oils with a different degree of unsaturation and different n-6/n-3 balance even in animal studies.
Hypocholesterolemic activity of dietary linoleic acid compared with animal fats, which has been observed after relatively short feeding periods, was not observed after longterm feedings, e.g., Ͼ1/10 the life span. The DHA/Soy diet as well as the Per diet was more hypocholesterolemic after long-term feedings than the Lar and Saf diets in a mouse strain (Fig. 1) . These results are consistent with others, which compared combinations of these fats and oils under the same conditions. [29] [30] [31] Thus, the earlier recommendations to increase the intake of high-linoleic vegetable oils and decrease that of animal fats for the prevention of chronic diseases such as thrombotic diseases 32) needs to be re-evaluated, particularly because longer-term dietary intervention brought about no significant beneficial effects on plasma cholesterol nor on atherosclerotic diseases. 1, 4) The observed effects of dietary fats and oils on tissue cholesterol levels were roughly accounted for by the activities of HMG-CoA reductase, a ratelimiting enzyme of cholesterol synthesis as reported by other groups in rats. 23, 33) The serum and hepatic cholesterol levels in different dietary groups are consistent with those predicted from in vitro studies in cultured cells. 34, 35) Beside genes related to cholesterol synthesis, dietary fatty acids are known to affect the expression of genes for other related proteins such as LDL receptor, 36) LCAT 37) and PPARa that can regulate bile acid synthesis and b-oxidation. 29, 38, 39) For example, a-linolenic acid is a preferred substrate for the mitochondrial b-oxidation system in comparison to linoleic, saturated and monounsaturated acids in the rat. 40) Although DHA is a relatively poor substrate for the mitochondrial boxidation system, it can quickly undergo b-oxidation in rat or mouse peroxisomes after proliferation. [41] [42] [43] [44] Hypercholesterolemia itself has long been considered the major risk factor for elderly-onset diseases but this has now been questioned 5) ; plasma cholesterol level was reported to be negatively correlated with all causes of mortality and cancer death after follow up for 10 years. 45, 46) The levels of prenyl intermediates rather than plasma cholesterol appear to be important factors for carcinogenesis and atherogenesis. 5, 47) The free radical theory of aging and thrombotic diseases was based mainly on a comparison of dietary fats and oils with different degrees of unsaturation. The degree of unsaturation was positively correlated with autoxidizability in the air atmosphere and presumed markers for these diseases, e.g., oxidized LDL and lipofuscin. n-3 Fatty acids such as ALA and DHA have an additional double bond compared with n-6 fatty acids with the same carbon number, and longterm feedings of n-3 fatty acids are suspected to increase lipid peroxides and their secondary products, e.g., lipofuscin. We employed the SDS extraction method 22) for determination of yellow fluorescent lipofuscin. Tissue accumulation of lipofuscin is likely to reflect the differential rates of its turnover; the rate of degradation may be relatively faster and/or antioxidative capacity to suppress its formation may be greater in the liver. Faster turnover rates of hepatic cells compared with brain neurons may also affect tissue lipofuscin contents. Alternatively, the fluorescent materials in these tissues except for the brain may be different from the so-called yellow fluorescent lipofuscin, [9] [10] [11] a presumed index of aging and lipid peroxidation. In this method, we have observed that lipofuscin was well detected in the brain, but not in the liver of mice. Despite a great difference in the peroxidizability of dietary fats and oils, no significant difference was observed in the brain lipofuscin contents of the 5 dietary groups. We have shown that rats fed DHA-rich oil and perilla oil exhibit superior learning ability in brightness-discrimination learning tests compared with a high-linoleic safflower oil group. 48) These observations are inconsistent with the lipid peroxide theory of aging and atherogenesis.
Finally, we would like to comment that the percent of fat energy of the diet (31.4%) was set between those of average Japanese (ca. 26%) and average Americans (ca. 37%), and the amount of DHA in the DHA/Soy diet (2%) was far below the dietary levels in Greenland natives (5.1%). 14) Although excessive intake of n-3 fatty acids is suspected to increase apoplexy, the higher incidence of apoplexy observed in Greenland natives compared with Danes 14) is rather ascribed to their lower intake of Vitamin C required for the synthesis of collagen and elastin to strengthen blood vessels. No appreciable symptom of apoplexy was observed in the present experiments.
